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Abstract
The traditional approach to improving the abrasion wear resistance of martensitic steels is to increase
their hardness via high carbon levels. However: (i) a higher hardness is usually accompanied by a lower
toughness, negatively affecting the impact wear resistance, and (ii) increased carbon concentrations
reduce weldability and complicate thermal cutting. This work explored microalloying with Ti as a method
to simultaneously increase hardness and toughness via a concurrent precipitation of coarse TiMoVCN,
fine TiC and fine Fe3C particles. Five plate steels containing <0.4C, <0.8Ti, Mn, Si, Cr, Mo and V (wt.
%) were melted, cast, hot forged and heat treated to replicate an industrial processing technology.
Dependences of mechanical properties on steel composition were studied using hardness, tensile, Charpy
impact, pin-on-drum wear (two-body abrasion wear conditions) and impeller wear (two-body impact wear
conditions) testing. Microstructure characterisation was carried out using optical and scanning electron
microscopy. With an increase in Ti/C ratio: hardness and strength showed a dependence with a maximum;
toughness a dependence with a minimum; and wear resistance (both abrasion and impact) a dependence
with a maximum. The maximum wear resistance (at Ti/C=0.314) did not correspond to either hardness
(at Ti/C=0.905) or toughness (at Ti/C=0.018) maximum, but matched the highest tensile strength. The
fracture development at the particle-matrix interface was found to govern the wear mechanism in the
studied steels.
Key words: wear; martensitic steel; mechanical properties; microstructure characterisation.
Introduction
Quenched and tempered (Q&T) martensitic steels are widely used in the mining industry (ground
engaging tools and transport equipment), defence (armoured vehicles) and civil construction (bridges and
high rise buildings). Ground engaging tools and earth moving equipment undergo significant wear during
interaction with hard rocks, which increases the maintenance cost and time associated with replacement
or repair [1, 2]. Thus, improved wear resistance of steels used to manufacture mining equipment would
significantly benefit the industry. The wear resistance might not be of primary importance in defence or
civil construction, but a combination of high strength and simultaneously high toughness is critical to
enhance protection from penetration [3, 4] or structure stability against strong winds and earthquakes [5,
6]. The conventional approach to increase wear resistance of Q&T steels relies on increasing the hardness
of the martensitic phase obtained after quenching [7-9]. The hardness of martensite mainly depends on
the carbon content in steel composition. Therefore, an increase in wear resistance is achieved by increasing
the carbon content. However, steel weldability, thermal cutting attributes, formability and toughness
decrease with increasing carbon content; this implies a practical limit of about 0.35-0.4 wt.% C in steel
composition, providing hardness levels up to 550-600 HB [10].
It was reported that for increasing contents of C from 0.30 to 0.36 wt.%, Mo from 0.5 to 0.8 wt.%
and Ni from 0 to 2.5 wt.% (hereafter all element concentrations are in wt.%) in steel the hardness increased
and sliding wear rate decreased [11]. Although no detailed microstructural analysis was conducted in the
study [11], Mo and Ni additions obviously decreased the austenite to martensite transformation
temperature [12-14] and could reduce the martensite lath width and packet size, which would explain the
strengthening. Despite quite significant contents of Mo and Ni for structural steels, the wear rate decreased

by only a marginal value of 15%. Simultaneous additions of 2.0 C and 20 Cr led to precipitation of hard
Cr7C3 particles [11], which increased the hardness by 36% and significantly reduced the sliding wear rate
by 5 times. In contrast to [11], simultaneous additions of 0.6 Cr, 0.3 Mo and 0.7 Ni at a constant C content
of 0.27 did not change the wear resistance significantly [15]. Higher Cr and Mo concentrations might have
stimulated carbide precipitation and left the matrix depleted in C, which reduced the hardness and
toughness. A decrease in toughness with an increase in Mo and Ni contents at a constant amount of C was
also observed in [16].
The sliding wear rate may change with the microstructure and hardness variation during wear [1719]. Thus, in steels alloyed with either 1.5Si, 1.5Cr or 1.9Mo with similar martensitic microstructure and
initial hardness, the wear rate increased in the Si-alloyed steel and decreased in the Cr- and Mo-alloyed
steels [17]. The heat, generated from friction during wear, resulted in tempering of the microstructure and
a hardness decrease in the Si-containing steel, although hardness increased in the steels alloyed with Cr
and Mo. In [17], it was suggested that (i) the Si-alloyed steel had a lower thermal conductivity, and related
to it a lower heat dissipation, which could lead to a higher temperature increase in the Si-alloyed steel
than in the other two steels; although (ii) in the Mo- and Cr-alloyed steels the Mo- and Cr-rich carbides
precipitated due to heating, and this delayed dislocation annihilation and provided precipitation
strengthening.
Amongst the three steels studied in [18], the first one contained 0.025C-10.7Cr-0.04Mo-0.088V and
exhibited fully ferritic microstructure strengthened with CrFe-rich carbides, the second contained Fe0.17C-0.29Cr-0.078Mo-0.015V and also had a ferritic microstructure but with some pearlite and bainite,
whereas the third steel contained 0.19C-1.5Cr-0.17Mo-0.01V and was of a bainite/martensite type. The
microstructure refinement and the presence of hard phases, such as bainite and martensite, resulted in the
hardness increasing from 190 HV to 320 HV to 390 HV, in the above steels, respectively. However, with
this double increase in hardness, the wear resistance (both abrasion and impact) increased by only 20% in
the third steel compared to the first.
In spite of the demonstrated effect of hardness on wear resistance, toughness is another parameter
which should be taken into account. In a group of steels with a similar C content and a similar type of
martensitic microstructure, the highest wear resistance was observed for a steel containing the largest
amount of Ti (0.042 wt.%) and Mo (0.15 wt.%) [19]. Although this steel did not show the highest hardness,
it exhibited the smallest prior austenite grain size and martensite packet size, which provided the highest
toughness. Both Ti [20-22] and Mo [23-25] are known to retard austenite grain growth and facilitate grain
refinement; Mo also decreases the austenite to martensite transformation temperature [12-14], which may
result in refinement of the martensitic laths. To clarify the comparative effect of hardness and toughness
on wear resistance a 0.65-0.80 C, 0.50-1.00 Si, 0.80-1.20 Mn, 0.50-1.50 Cr, 0.40-0.60 Ni, 0.40-0.80 Mo,
0.005-0.015 B (wt. %) steel was studied after various tempering temperatures [26]. As expected, with an
increase in tempering temperature after quenching, the hardness and tensile strength decreased and
toughness increased. The wear resistance showed a dependence with a maximum at about 350 C
tempering temperature, which probably resulted in the best combination of reasonably high hardness and
improved toughness.
Microstructure phase balance may have a complex effect on wear resistance. Transformation
induced plasticity (TRIP) and dual phase (DP) steels containing about 50% ferrite fraction exhibited
similar or even higher wear resistance than fully martensitic or bainitic steels [27]. Although, grain size
and fractions of retained austenite and martensite in TRIP and DP steels play significant roles: wear
resistance increases with grain refinement (due to toughness increase), martensite fraction (due to
hardness increase), and austenite fraction (due to a larger potential for TRIP effect during wear).
Therefore, a maximum wear resistance was observed at intermediate hardness levels, when toughness was
also high enough to contribute to wear resistance. A comparative study of pearlitic and bainitic
microstructures carried out using medium C steels microalloyed with up to 0.5Si, 0.19Cr and 0.1V has
shown generally lower wear rates for steels with a bainitic microstructure [28]. However, the wear rate of
bainitic microstructure transformed at higher temperatures (just above 400 C) within the bainite
formation region could be higher under certain wear conditions than that of pearlitic microstructure
transformed at lower temperatures (just above 600 C) in the pearlite formation temperature range.

Superior wear resistance of the pearlitic microstructure originates from small interlamellar spacing of
pearlite formed at lower temperatures.
The influence of precipitation on wear resistance of martensitic steels has been investigated. It was
shown that 0.07C steels containing 0.04Nb and 0.02N exhibited lower wear rates after carburising than a
plain carbon steel [29]. Although no microstructural characterisation was carried out, a decrease in wear
rate with Nb and N additions was related to possible precipitation of hard NbC and NbCN particles leading
to a hardness increase. In addition to the hardness increase, high density of Fe3C precipitation can also
improve toughness [30]. In 0.31-0.39C steels alloyed with 4.0Cr, 1.9Mo, 0.5V and 0.5W, a higher carbon
content increased the wear resistance [31], which was also attributed to the alloy carbide precipitation.
Overall, precipitation of Cr, Mo, V and W carbides is a well-known approach to improve hardness and
wear resistance of medium carbon tool steels [32, 33]. However, concentrations of these elements required
to achieve the desired properties in tool steels are usually several weight percent, which significantly
increases the steel cost. Carbon contents greater than 0.4 wt.% C significantly decrease weldability, which
is an important fabrication attribute.
Accordingly, for the alloy design of the steels investigated in the work reported in this paper, the
following considerations were applied: (i) relatively low cost, through moderate levels of alloying with
<0.8 wt.% Ti and minor additions of Cr, Mo and V; (ii) carbon equivalent CIIW < 0.7, to guarantee good
weldability; (iii) increased hardness, due to coarse TiMoVCN precipitation; (iv) increased toughness, due
to densely dispersed fine TiC and Fe3C precipitation; and (v) strong martensitic matrix with
simultaneously high hardness and toughness, originating from narrow lath width and solid solution
strengthening by solute carbon. A thorough characterisation of the effect of Ti on microstructure and
mechanical properties of martensitic steels is presented below with the discussion focused on strengthtoughness-wear resistance dependence.
Materials and techniques
Five steels containing <0.4 C, 0.4Mn, 0.4Si, 0.2Ni, 1.0Cr, 0.2Mo, 0.05V and <0.8 Ti (wt. %) with
Ti/C ratios 0.018, 0.314, 0.905, 1.641 and 1.905 (Steel 1 to 5) were melted in a 60 kg induction furnace
and cast as 75x100x150 mm blocks. The blocks were forged in the temperature range of 1250-900 C
along the 100 mm side to 18 mm plate thickness, to replicate the plate rolling conditions, and heat treated
to obtain a fully martensitic microstructure following austenisation at 900 °C, quenching in water and
tempering at 200 °C.
Microhardness testing was conducted on Struers DuraScan Vickers hardness tester with 0.5 kg load.
Ten indentations were performed for each steel sample, with a distance of approximately ten times the
length of the indent diagonals to ensure that the results were not contaminated by work hardening from
previous indentations. Tensile testing was carried out on an Instron 1341 testing machine using 6 mm
wide, 4 mm thick and 32 mm gauge length flat specimens according to ASTM E8-09 standard. A constant
crosshead speed of 2 mm/min was applied, which gave 1x10-3 s-1 strain rate. Three specimens were tested
for each steel. Charpy V-notch impact testing was carried out on an Instron 450MPX machine using
standard 10x10x55 mm3 specimens at four temperatures -40, -10, +20 and +50 °C, with three specimens
tested at each temperature. To investigate the effects of both hardness and toughness on wear resistance,
two types of wear testing were conducted: abrasion and impact (Figure 1). The abrasion wear resistance
was characterised as pin mass loss during pin-on-drum test on a specially designed machine at University
of Wollongong (Figure 1a). Pins were of 20 mm length and 6 mm diameter (Figure 1b). Three pins were
tested for each of the five steel compositions. The load was 1.5 kg and the total sliding distance of each
pin against the abrasive paper was 12 m. The test was stopped a minimum 3 times to measure the mass
loss during the wear process. The pin mass change was measured using an analytical balance to a precision
of 0.0001 g. To simulate the ground engaging conditions occurring in mining operations, coarse sized
Norton Saint Gobain ABRSG150 garnet paper was used as abrasion material, it was firmly wrapped
around the drum to perform the tests. The roughness of wear surface was assessed on ContourGT-K 3D
Optical Microscope equipped with the Vision 64 software. The measurements were performed in the VSI
mode, and green light was used for illumination. The impact wear resistance was characterised as plate
sample mass loss during wear testing inside a specially designed impeller wear testing machine situated

at Deakin University (Figure 1c). These tests were conducted using 40x125x7 mm flat samples (Figure
1d). Two sets of two samples of the same steel composition were tested simultaneously (positioned at 90
and 45 to the rotation direction). Each pair of samples underwent three test runs of 15 minutes duration
and the sample masses were measured after each test using analytical scales with 0.001 g accuracy. 20-40
mm basalt pebbles were used as the impact material, approximately 10 kg of pebbles were loaded for each
15 minutes test run. The impeller that held the samples rotated at 280 rpm. Single scratch wear testing
was conducted on an Anton Paar Revertest scratch tester using samples of one steel composition (namely
with Ti/C = 1.905). Two scratch lines of about 10 mm length were produced at 30N and 100N vertical
load. Scanning electron microscopy (SEM) imaging of particles was done mainly from the bottom of the
scratch channel using a JEOL 7001F FEG scanning electron microscope operating at 15 kV. For statistical
analysis of the particle fracture, several tens of particles were measured for each vertical load. Chemical
composition of precipitates was determined by the energy dispersive X-ray spectroscopy (EDS) semiquantitative point analysis and elemental mapping using an AZtec 2.0 Oxford SEM-EDS system. No less
than 10 particle maps have been studied to confirm the chemical composition of particles.

Figure 1. (a) Pin-on-drum and (b) impeller machines for testing abrasion and impact wear resistance;
(c) and (d) are optical images of a cylindrical pin and flat sample for abrasion and impact wear
testing, respectively.
Microstructure characterisation of the five steels was carried out using optical and scanning electron
microscopy. Optical and SEM sample preparation included polishing with SiC papers and diamond
suspensions followed by etching with 5% Nital. Optical microscopy was conducted on a Leica DM6000M
and Leica M205A (stereo) microscopes equipped with Leica Application Suite (LAS) 4.0.0 image
processing software. SEM was carried out on a JEOL 7001F FEG SEM operating at 15 kV. For the
determination of average martensite lath width, up to 250 laths were manually measured for each of five
studied steels. For the determination of parameters (size, number density and area fraction) of coarse
TiMoVCN, fine TiC and Fe3C, up to 200 particles of each individual type in each steel composition were
manually measured using SEM images and analysed in MS Excel. To determine the chemical composition
of precipitates, up to 20 particles were studied for each particle type in each steel.
Results and Discussion
Mechanical properties and microstructure characterisation
The mechanical properties and measured microstructural parameters are presented in Figure 2 and

Table 1. Figure 2a shows average values of the strength, hardness, Charpy impact toughness at +20 ⁰C
and mass loss for each steel as a function of the Ti/C ratio. With an increase in Ti/C ratio in steel
composition (i) the hardness, tensile strength and wear resistance (both abrasion and impact) exhibited
dependences with a maximum, and (ii) elongation to failure and toughness showed dependences with a
minimum (Figure 2a). The maximum abrasion and impact wear resistance (minimum mass loss due to
wear) corresponded to the maximum strength (minimum elongation) at Ti/C = 0.314. However, the
hardness showed its maximum at a higher Ti/C = 0.905, and the toughness maximum was at a lower Ti/C
= 0.018. This means that within the studied ranges of Ti and C contents there is a certain Ti/C ratio which
provides the best combination of properties. Excessive additions of Ti and C result in hardness, strength
and wear resistance decreasing. A dependence of wear resistance with maximum on alloying element
concentrations has been observed previously in Cr [34, 35] and Nb [36] alloyed cast irons and CrV steels
[37]. The stress-strain curves for each steel are given in Figure 2b. The shape of the stress-strain curves
(absence of a clear yield point and smooth work hardening stage) was typical for the martensitic
microstructures [18, 38]. The Charpy impact tests conducted over a wide range of temperatures (from -40
to +50 C) showed the absence of ductile to brittle fracture transition (Figure 2c). Low absolute absorbed
energy values are also characteristic [39, 40] for such high hardness martensitic microstructures as studied
here.
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c

Figure 2. Effect of Ti/C ratio on (a) average mechanical properties, (b) stress-strain curves,
and (c) impact test curves.
Analysis of the wear surfaces confirmed the trend in wear resistance with steel grade determined by
the variation in sample mass loss (Table 1): minimum amount of debris after both the abrasion (Figure 3
b,c) and impact (Figure 4 b,c) wear tests were observed for Steels 2 and 3, with Ti/C = 0.314 and 0.905,
respectively. The number of micro-cracks (dark colour sites in Figures 3a-e decorated with pitting
corrosion attack, Figure 3f), also followed the trend for wear resistance: fewer and shorter cracks were
observed for Steels 2 and 3. Surface roughness profiles measured across the wear grooves after the
abrasion wear tests have shown a minimum Rzmax parameter for Steel 2 (Figure 5). The surface roughness
increased with an increase in Ti/C ratio; this corresponded to a decrease in the yield stress, tensile strength
and toughness with Ti/C ratio leading to “easier” material removal from the surface during contact with
an abrasive (SiC paper or rocks).

Figure 3. SEM images of pin wear surfaces after pin-on-drum tests for the steels with Ti/C equal to (a)
0.018, (b) 0.314, (c) 0.905, (d) 1.641 and (e) 1.905; (f) Oxygen EDS map around a crack highlighted by
the white rectangle in (d).

Figure 4. Optical stereo images of plate wear surfaces after impeller tests for the steels with Ti/C equal
to (a) 0.018, (b) 0.314, (c) 0.905, (d) 1.641 and (e) 1.905, showing the variation in amount of debris
(lighter areas) with steel composition.
e
d
c
a
b

Figure 5. Linear surface roughness profiles across the pin travel direction (see Figure 3b) for the steels
with Ti/C equal to (a) 0.018, (b) 0.314, (c) 0.905, (d) 1.641 and (e) 1.905.
Optical and scanning electron microscopy revealed fully martensitic microstructures in all five steels
(Figure 6 and 7), although the martensite lath width and area fraction of precipitates varied with steel
composition. Alloying elements formed three types of precipitates: cuboidal or elongated micron-sized
TiMoVCN, spherical nano-sized TiC and needle-shape nano-sized Fe3C. Elemental mapping confirmed

the particle compositions (Figure 8). With an increase in Ti/C ratio (Table 1): (i) the martensite lath width
decreased, (ii) the number density and area fraction of TiMoVCN showed a maximum at Ti/C = 1.641,
(iii) the number density of TiC increased, although their area fraction showed a maximum at Ti/C = 1.641,
and (iv) the number density and area fraction of Fe3C showed a maximum in the Ti/C range of 0.314 0.905. In low carbon (<0.1 wt.%) ferritic steels microalloyed with Ti (<0.15 wt.%) the size and number
density of TiC particles were reported to increase with Ti content [41, 42]. A detailed characterisation of
coarse and fine Ti-rich precipitates in medium carbon martensitic steels contributes to novelty of this
work.
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Figure 6. Optical images of microstructures for the steels with Ti/C equal to (a) 0.018, (b) 0.314,
(c) 0.905, (d) 1.641 and (e) 1.905; coarse particles are indicated by arrows.
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Figure 7. SEM images of microstructures for the steels with Ti/C equal to (a) 0.018, (b) 0.314,
(c) 0.905, (d) 1.641 and (e) 1.905.

Figure 8. SEM images and SEM-EDS elemental maps for (a) cuboidal TiMoVCN, (b) elongated
TiMoVCN, (c) spherical TiC, and (d) needle-shape Fe3C.
Table 1. Mechanical properties and microstructural parameters of the steels studied.
Steel
Parameter
1
2
3
4
5
Ti/C ratio
0.018
0.314
0.905
1.641
1.905
Sliding wear mass loss, mg
25.80.6 22.00.4 23.20.7 24.60.9 25.70.9
Impact wear mass loss, mg
32020
1855
1965
30535
42585
Hardness, HV
4845
5518
5747
5079
45210
YS, MPa
80035
86020
75020
70030
50040
UTS, MPa
145050 190040 180060 150070 128070
Total elongation, %
10.80.7
7.80.5
9.30.6
10.10.8 12.00.7
Toughness (+20 C), J
254
142
112
103
122
Martensite lath width, mm
0.530.33 0.530.30 0.500.28 0.430.27 0.420.25
Average size, mm
2.42.0
3.91.8
3.51.9
3.92.2
3.72.1
Coarse
-2
TiMoVCN Number density, mm
0.0001
0.0001
0.0010
0.0022
0.0017
particles
Area fraction
0.0011
0.0017
0.0130
0.0396
0.0256
Average size, nm
13360
10935
15352
9945
4617
Fine
-2
TiC
0.0372
0.4458
0.4643
1.3001
5.4235
Number density, mm
particles
Area fraction
0.0005
0.0046
0.0103
0.0122
0.0103
Average size, nm
7729
9750
9040
7537
6939
Fine
-2
Fe3C
38
50
50
33
24
Number density, mm
particles
Area fraction
0.0029
0.0048
0.0045
0.0025
0.0016
Effect of Ti/C ratio
The maximum wear resistance observed in the steels studied corresponded to the maximum YS and
UTS, and not to the maximum hardness or toughness, rather, to a combination of reasonably high hardness
and not low toughness. This is in line with previously published research [9, 26, 31] in view of matching
contributions of hardness and toughness to wear resistance. Analysis of the mechanical properties and
microstructural parameters (Table 1) indicated the following key points.
Compared to Steel 1 with a very minor Ti addition, Steels 2, 3 and 4 all showed a higher strength,
hardness and wear resistance. This indicates a generally positive effect of Ti alloying on the wear
resistance. A significant decrease in all mechanical properties for Steel 5 (Ti/C = 1.905) can be explained

by the significant matrix depletion in carbon due to substantial precipitation of coarse TiMoVCN and fine
TiC particles, leading to both a decrease in precipitation strengthening from Fe3C and solid solution
strengthening from atomic carbon.
The highest strength, hardness and wear resistance corresponded to the highest number density and
area fraction of Fe3C particles in Steels 2 and 3 with Ti/C = 0.314 and 0.905, respectively. However
amongst these two steels a higher strength and wear resistance was observed for Steel 2 with a lower
number density and area fraction of Ti-rich particles observed by SEM. Obviously, a lower Ti/C value in
Steel 2 resulted in a relatively slower particle coarsening rate [43, 44] and a higher density of very fine
(<20 nm, not visible in SEM) TiC particles and solute carbon concentrations. These could have provided
additional strengthening to Steel 2 [45, 46]. The Steel 2, showing the highest strength and wear resistance,
had the highest wear resistance for both types of wear, namely abrasion and impact. This means that
tensile properties better characterise the potential for wear resistance than hardness.
The number density and area fraction of coarse TiMoVCN and fine TiC particles showed their
maximums for Steels 4 and 5 with Ti/C = 1.641 and 1.905, respectively. Accordingly, these parameters
of Fe3C particles showed minimums in Steels 4 and 5. Obviously, with an increase in Ti content more
carbon is consumed for the formation of Ti-rich particles in austenite and less carbon is available for Fe3C
precipitation in martensite. Consequently, hardness, strength and wear resistance all decreased.
It would appear from the results that hardness was, probably, the prevailing parameter over
toughness. Steels 3 and 4 with Ti/C = 0.905 and 1.641 showing higher hardness values, compared to Steels
1 and 5, also exhibited a higher wear resistance than Steels 1 and 5. Hardness seemed to be the more
critical parameter for abrasion wear, while toughness appeared to be more important for impact wear.
Steels 1 and 5 exhibited similar hardness values and their abrasion wear resistance was also similar, while
the toughness of Steel 5 was half that of Steel 1 and correspondingly its impact wear resistance was 30%
lower.
The average martensite lath width decreased with increasing Ti/C, although hardness and strength
showed a dependence with a maximum with Ti/C. Obviously, the measured variation in the martensite
lath width (maximum 20%) did not have a significant effect on the properties variation. This proves a
substantial role of alloying element particles and solid solute concentrations on the properties of the steels
studied. The martensite lath width variation followed the trend for Ti/C ratio and, probably, reflected the
prior austenite grain size variation (i.e. prior austenite grain size decreased with increasing Ti/C ratio). Ti
additions were observed to retard austenite recrystallisation and grain growth, and decrease the prior
austenite grain size [20-22, 47-49]. However, characterisation of the austenite microstructure is outside
the scope of this paper.
Analysis of the mass loss variation with wear test cycle (time) (Figure 9 a,c) showed different trends
for the wear rates during abrasion and impact wear (Figure 9 b,d). During abrasion, the wear rate was
almost constant for each steel; however, during impact, the wear rate decreased during testing, and this
decrease was more prominent for Steels 2 and 3. This can be explained by the following. Sliding mode of
contact between the sample surface and the abrasion material results in the upper layers of the sample
surface being cut off by the abrasion material. Therefore, a possible variation in the microstructure and
properties due to abrasion wear (heating leading to softening or cold deformation leading to work
hardening [50, 51]) did not affect the abrasion wear rate. In contrast, single acts of impact by pebbles led
to the localised cold deformation and work hardening to a certain depth from the sample surface [52-54].
Therefore, even though the top layers of the sample surface were removed during impact wear (remember
that the sample mass decreased), the remaining work hardened layer showed an increased wear resistance.
Improvement of the wear resistance following the surface work hardening during wear was observed
previously [11, 17]. Differentiation of the stress-strain curves supported this conclusion for the steels
studied: the work hardening rate (Figure 9e) during cold deformation (tensile testing at room temperature,
Figure 2b) was slightly higher for Steels 2 and 3, and both these steels showed decreasing wear rates
during impact wear testing. A higher density of fine Fe3C particles, and possibly a higher density of <20
nm TiC particles, might have facilitated the dislocation generation in Steels 2 and 3, leading to increased
work hardening rate. A positive effect of fine particles on the dislocation substructure development and
increasing work hardening rate was observed previously [41, 55-57].

Figure 9. Effect of Ti/C ratio on (a, c) cumulative mass loss and (b, d) wear rate
in each test cycle during abrasion (a, b) and impact (c, d) wear tests; (e) work hardening rate, calculated
using Figure 2b.
Wear mechanism
To investigate the wear mechanism in Steels 1-5, and to reveal a possible effect of fracture of Tirich particles on wear, single scratch testing (Figure 10a) followed by a detailed SEM analysis of the wear
surfaces (Figure 10b) has been undertaken using samples of one steel composition, namely with Ti/C =
1.905 (Steel 5). The particle fracture behaviour under load varied with the particle size. Thus, particles
smaller than 360 nm for 30 N load and smaller than 290 nm for 100 N load did not show any fracture
(Figure 10c). It should be noted that the particles in this size range were mainly of spherical shape, which
favours reduced stress concentrations at the particle-matrix interface [58-60]. With an increase in the
loading force, fewer particles survived the scratch testing without fracture. This may indicate an increase
in wear rate with increase in loading force; such a dependence was reported previously [11, 61-63]. 1-3
micron size particles were associated with cracks at the particle-matrix interface (Figure 10d, Figure 11).
These particles were mainly of cuboidal shape and exhibited a higher nitrogen content than nano-sized
spherical particles (c.f. Figures 8 a and c). From the particle-matrix interface a crack can propagate through
the matrix [64-68], if the matrix is not tough enough to arrest the crack propagation. Therefore, particles
in the 1-3 micron size range could be considered as the most harmful. For Ti-rich particles with a size of
several-microns, the particles fractured transgranularly (Figure 10e). However, in spite of their
susceptibility to fracture due to their large size and irregular shape, the cracks originating from the particle
body seem did not propagate through the particle-matrix interface and did not lead to the matrix fracture.
These particles dissipated the loading energy through their fracture and protected the matrix. Therefore,
the several-micron size particles are considered beneficial for increasing the wear resistance.

Figure 10. SEM images of (a) a single scratch channel, (b) particles at the bottom of the scratch channel
(numbers designate the particle sizes in nano-meters), (c) spherical nano-sized particle with a sound
matrix around them, (d) a cuboidal nano-sized particle with a crack along the particle-matrix interface,
and (e) a micron-sized particle cracking transgranularly.

Figure 11. (a) SEM image and (b) SEM-EDS map of Ti overlaid with the SEM image, showing cracks
associated with Ti-rich particles.
In view of these results, further considerations can be suggested for the wear behaviour in the five
steels studied. Steels 3, 4 and 5 with Ti/C=0.905, 1.641 and 1.905, respectively, contained a 15-25 times
greater number of harmful 1-3 mm TiMoVCN particles than Steels 1 and 2 with Ti/C= 0.018 and 0.314,
respectively (observe the peak highlighted with a white arrow on the particle number density distribution,
Figure 12a). In addition, the fraction of these 1-3 mm particles in the total amount of coarse particles
precipitated could reach a significant value of 30% in Steels 3, 4 and 5 (observe the peak highlighted with
a white arrow on the particle size fraction distribution, Figure 12b). It means that the crack generating
effect coming from 1-3 mm particles was substantial in Steels 3, 4, and 5, and it could not be compensated
by a possible increase in toughness from fine TiC and Fe3C particles or solid solution strengthening.
Actually, the strength and toughness decreased with Ti/C ratio as presented above (Figure 2 and Table 1).
Consequently, the wear resistance decreased with Ti/C ratio from Steel 3 to 4 to 5.
Steel 1, compared to Steel 2, contained a 17 times greater number of <1 mm TiMoVCN particles
(observe the peak highlighted with a red arrow on the particle size fraction distribution, Figure 12b)
beneficial for toughness, and toughness in Steel 1 was higher than in Steel 2. Due to a higher toughness,
a higher wear resistance might be expected in Steel 1. However, Steel 2 contained a near 2 times greater
number of >3 mm particles (observe the peak highlighted with a black arrow on the particle size fraction

distribution, Figure 12b) beneficial for hardness, and hardness in Steel 2 was higher than in Steel 1. In
summary, the combination of a substantial fraction of coarse >3 mm TiMoVCN (beneficial for hardness),
moderate amount of 1-3 mm TiMoVCN (harmful for toughness), and a significant number of fine <1 mm
TiC and Fe3C (beneficial for strength and toughness) particles provided the highest wear resistance in
Steel 2.

a

b

Figure 12. Effect of Ti/C ratio on the size fraction and number density distributions
of coarse TiMoVCN particles: white arrows designate the distribution peaks for steels 3, 4 and 5
with Ti/C = 0.905, 1.641 and 1.905, respectively; the red and black arrows designate the
distribution peaks for steels 1 and 2 with Ti/C = 0.018 and 0.314, respectively.
Conclusions
Investigation of the effect of Ti/C ratio in steel composition on the microstructure and properties of
martensitic wear resistant steels containing <0.4 wt.% C and <0.8 wt.% Ti has led to the following
conclusions:
1. Alloying with Ti provides generally a positive effect on microstructure, mechanical and wear properties
of martensitic steels. However, a significant matrix depletion in carbon, due to precipitation of coarse
Ti-rich carbonitrides, may hinder precipitation of fine Fe3C particles and decrease the solid solution
strengthening from carbon and precipitation strengthening from Fe3C.
2. For the studied wear test conditions, the maximum wear resistance (both abrasion and impact)
corresponded to the maximum strength (at Ti/C=0.314) and not to the maximum hardness (Ti/C=0.905)
or maximum toughness (Ti/C=0.018). The effects of abrasive particle size (grinding paper type) and
load during wear testing require further investigation.
3. The highest strength, hardness and wear resistance originated from a combination of the highest
number density and area fraction of <1 mm Fe3C and a moderate number density and area fraction of
<1 mm TiC and >3 mm TiMoVCN particles. Cuboidal nitrogen-rich TiMoVCN particles in the 1-3 mm
size range tended to crack at the particle-matrix interface, facilitating fracture development in the
matrix. Therefore, the 1-3 mm particles should be avoided during steel processing. Maintaining the
carbon concentration in solid solution relatively high is believed to be critical to achieving improved
wear resistance.
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